An automated and programmable confocal microscope that can acquire upwards of 10 3 single-molecule fluorescence resonance energy transfer ͑FRET͒ time traces is presented. The microscope augments the capabilities of current instruments by employing a flow cell that allows full control of the sample's chemical environment, automatic locating and probing of single molecules, and an automatic focusing feature that enables the unattended scanning of large areas of the sample. This microscope performs routine acquisition of thousands of single-molecule events, in a highly reproducible fashion. These capabilities were utilized in recording the distributions of FRET efficiencies arising from control DNA molecules specifically labeled with internal donor-acceptor reporters. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1646725͔ Recent progress in optical imaging of single molecules ͑SM͒ has made it possible to study the structure and interactions of individual biomolecules using single-pair fluorescence resonance energy transfer ͑FRET͒ reporters.
single-molecule fluorescence resonance energy transfer ͑FRET͒ time traces is presented. The microscope augments the capabilities of current instruments by employing a flow cell that allows full control of the sample's chemical environment, automatic locating and probing of single molecules, and an automatic focusing feature that enables the unattended scanning of large areas of the sample. This microscope performs routine acquisition of thousands of single-molecule events, in a highly reproducible fashion. These capabilities were utilized in recording the distributions of FRET efficiencies arising from control DNA molecules specifically labeled with internal donor-acceptor reporters. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1646725͔
Recent progress in optical imaging of single molecules ͑SM͒ has made it possible to study the structure and interactions of individual biomolecules using single-pair fluorescence resonance energy transfer ͑FRET͒ reporters.
1,2 Some recent examples of SM detection to study molecular interactions include: DNA structural rearrangements, 3,4 ribozyme kinetics, 5 protein and peptide conformational dynamics, 6, 7 and enzyme kinetics. 8 The hallmark of the SM technique is that the probed signals are not masked by the averaging nature of ensemble measurements. Thus, rare and fast fluctuations and inhomogeneities among putatively identical molecules can be observed, enabling the differentiation between normal distributions and skewed ones resulting from nonMarkovian and/or nonergodic processes. 9 However, thousands of SM traces are required to allow the adequate sampling of the phase space.
Large area detectors such as cooled CCD cameras have the capacity of probing ϳ100 SM traces simultaneously, but are limited in their temporal resolution to ϳ100 ms. 5 Point detectors, such as avalanche photodiodes, have submicrosecond resolution, allowing one to probe fast fluctuations in FRET 7 and variations in fluorescence lifetime. 10 In order to circumvent the labor-intensive tasks of manually probing thousands of individual molecules, we have developed a robust and high throughput method that allows one to acquire ϳ10 3 SM traces overnight in an unattended manner. The main features in our instrument that made this task possible are: ͑1͒ automatic focusing, ͑2͒ automatic locating and tracing of individual molecules, and ͑3͒ a temperature regulated flow cell. Our custom designed flow cell allows for continuous buffer exchange, which is necessary to maintain constant chemical conditions in the sample for long periods of time. In addition, our flow cell permits easy exchange of buffers.
To test the instrument we prepared a model 30 basepair DNA hairpin molecule internally labeled with donor-acceptor pairs. The DNA sequence is:
where ͓b͔ denotes biotin-dT ͑for immobilization onto streptavidin surfaces͒, ͓r͔ denotes tetramethylrhodamine-dT ͑do-nor͒, and ͓5͔ Cy5-dT ͑acceptor͒, connected via 6-carbon linkers. The fluorophores were separated by four basepairs on the same strand of the duplex. The separation between the fluorophores ͑4 -5 nm͒ is comparable to the 5.3 nm Förster radius of the FRET pair, 11 yielding relatively high and steady FRET efficiencies.
Our optical design is schematically described in Fig.  1 was cleaned, attenuated, and circularly polarized ͑with a zero order quarter waveplate͒. The expanded beam was directed vertically using a dichroic mirror ͑Chroma͒ into the back aperture of a 63ϫ, 1.4 NA, oil immersion objective ͑Zeiss͒ mounted on a nanopositioner ͑Physik Instrumente͒. The emitted light was filtered by a notch filter ͑Kaiser optics͒ and a 50 m pinhole. The pinhole image was spectrally split using a 640 nm dichroic mirror ͑Chroma͒, and projected with 1:1 magnification onto two APDs ͑Perkin Elmer AQR14͒. Cross-talk was removed using the appropriate filters, resulting in 15% leakage of the donor emission into the acceptor channel, and a negligible level of acceptor to donor leakage.
Our flow cell was made by fusing a patterned, 1-mmthick, polydimethylsilicone ͑PDMS͒ disk to a freshly cleaned quartz coverslip. The PDMS disk consisted of three 30 l rectangular chambers that were accessed by inlet and outlet syringe needles connected to a buffer reservoir and a pump, respectively. The flow cell was supported on its back side by a sapphire window, and placed in a custom made cell holder containing a water cooled thermoelectric element ͑allowing temperature regulation to within 0.05°C͒.
An algorithm for the automated location of immobilized SMs using point detectors has been described by Ha et al. 13 Here we present an alternative approach, which permits the unattended scanning of large areas (ϳcm 2 ) in the sample. The sample cell was mounted on a motorized xy stage allowing coarse ͑up to 25 mm͒, and fine ͑ϳ1 nm͒ motion using two PZT actuators ͑Physik Instrumente͒. A custom control and data acquisition program written in LABVIEW ͑National Instruments͒ was first used to scan 20ϫ20 m 2 areas at 0.2 m resolution, with a rate of 0.1 m/ms. The positions of the PZT actuators were directly read during the scan using an A/D board sharing the same clock with a counter board ͑both National Instruments͒ used to acquire the photon counts. The data were immediately processed to yield the intensityweighted locations of all pixels above the background counts. A typical surface density was 50 clusters per scan ͓Fig. 2͑d͔͒. The stage was then programmed to move to a new origin 100 m away, and the scanning process was repeated. The auto-focusing mode consists of eight scans at successive z positions in 0.2 m steps. The best z value was determined by the scan that produced the maximum number of clusters.
The cells were activated with streptavidin following the procedures employed by others. 3, 5, 14 Approximately 2.5 pM of biotinylated, labeled DNA hairpin was then injected into the cell. Binding of the fluorescent, biotinylated, molecules to the surface was monitored in real time to achieve the desired coverage ͓Figs. 2͑a͒-2͑d͔͒. The glucose oxidase/ catalase enzymatic O 2 scavenging system was used to decrease the photobleaching rate of the fluorophores during SM tracing. 15 Figure 3 displays an example of a typical SM trace in which the acceptor photobleaches before the donor. To increase the acquisition throughput, we implemented a real time feedback control that stops data acquisition 0.5 s after both the donor and acceptor intensities fall below a photobleaching threshold ͑1 cpms, twice the background level͒. The laser intensity ͑1.7 kW/cm 2 at the sample͒ was set below the fluorophores' saturation level ͑data not shown͒. Raw fluorescence time trace data collected at 50 kHz were binned to 1 ms for signal analysis, and the FRET efficiency was calculated as previously described. 16 The FRET data were analyzed by convoluting the median-filtered data with a mask kernel, 17 to identify segments ͑down to 10 ms͒ separated by sharp transitions. The average FRET value of each segment was used to construct the efficiency histogram. Figure 4͑a͒ represents the result of a typical data set ͑1435 molecules͒. Two FRET levels are apparent in the distribution: A lower level peak (EϷ0.01) representing donor only contributions ͑the small deviation from zero is primarily due to errors in the estimation of ␤ 16 ͒, and a high FRET peak (EϷ0.75). In Fig. 4͑b͒ we display the distribution of segment lengths of both low and high FRET levels. These distributions are well described by single exponentials with 1/e values of 7.7 and 3.5 s, which represent the average photobleaching time of the donor and acceptor, respectively. The appearance of a single exponential decay time indicates that the control DNA molecules do not exhibit fast fluctuations ͑bound by the 10 ms resolution of our segment analysis͒, as expected. In fact, over 90% of the molecules are represented by only two segments, as in Fig. 3 . Thus in Fig. 4͑a͒ each molecule is equally weighted, and the variations between molecules is the prominent contributor to the width of the FRET distribution. In the more traditional treatment, SM FRET histograms are constructed from time bins 18 ͑e.g., 25 ms͒ of all acquired traces. We note that this analysis is biased toward the long-lived molecules.
To summarize, the implementation of a high throughput confocal microscope was demonstrated by testing a control DNA hairpin that exhibits two FRET levels. Using point detectors allows one to collect photons with high temporal resolution, i.e., 50 kHz or more, which provides additional insight to FRET variations. 19 The segment analysis applied to our data preserves the history of FRET fluctuations in each trace, but required binning of the data to 10 ms ͑photon limited͒. Other forms of analysis ͑e.g., autocorrelation͒ can be directly applied to the 50 kHz data with a concurrent loss of the time trajectory information. The automatic focusing feature of the instrument is extremely robust, thus allowing experiments to continue over long periods of time under well-defined conditions. The use of real time analysis to identify photobleaching events enhances the throughput of the instrument, by enabling the observation of rare, longlived fluorescent molecules in a time-efficient manner. FIG. 4 . ͑a͒ Distribution of FRET efficiencies from DNA hairpins. To construct the histogram, FRET time traces were automatically acquired overnight from 1435 molecules. The efficiencies were calculated by averaging the low and high FRET segments of each molecule. ͑b͒ Duration distributions of the low ͑left panel͒ and high ͑right panel͒ FRET levels, approximated by single exponential functions. The 1/e values are 7.7 and 3.5 s for the low and high levels, respectively.
